The provision of fibre reinforcement in concrete is a commonly used technique in modern concrete technology. Among various types of fibres, polypropylene (PP) fibre is widely used due to its advantages of low cost, good corrosion resistance and substantial improvements in mechanical properties, crack resistance and fire resistance. However, the systematic research on the effects of PP fibre, especially the PP fibre length on the fresh properties of concrete is still lacking. In this study, a series of PP fibre concrete with various W/C ratios, PP FIBRE lengths were produced to carry out slump-flow test, J-ring test, V-funnel test and sieve segregation test. The test results showed that, apart from W/C ratio, PP fibre length also had significant effects on the workability, gap passing ability, flowability and cohesiveness of concrete.
INTRODUCTION
Utilization of various kinds of fibres in cement-based materials has become a common technique to improve certain specific performance in modern concrete technology. Among the various characteristics of fibre, the fibre length is no doubt a significant factor affecting the different performance attributes of fibre-reinforced cement-based materials. In this regard, Ahmed and Mihashi [1] investigated the strain hardening behavior of lightweight ECC made of different hybrid combinations of PVA fibres with different lengths and volume fractions, and revealed that there are certain optimum combinations for best performance. Branston et al. [2] found that the improvement in concrete strength was much better when longer basalt fibres were used. Mastali et al. [3] showed that as the length of recycled carbon fibre reinforced polymer (CFRP) fibres increased, the impact resistance and some other mechanical properties of the fibre-reinforced concrete produced were also increased. Maluk et al. [4] demonstrated that concrete with longer PP fibre added was better in terms of spalling resistance during fire.
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cement-based materials. In 2006, Banfill et al. [5] studied the rheology of carbon fibre reinforced cement mortar and found that increasing the fibre length would increase both the yield stress and plastic viscosity. In 2012, El-Dieb and Taha [6] added steel fibres with different lengths to self-compacting concrete (SCC) to investigate their effects on the flow characteristics of SCC and proposed acceptance criteria for fibre-reinforced SCC.
However, the systematic research on the effects of PP fibre, especially the PP fbre length on the fresh properties of concrete is still lacking. In this study, an experimental program was launched, wherein concrete mixes with varying combinations of water/cement ratios and fibre lengths were made for testing of their fresh workability, gap passing ability, flowability and cohesiveness by the slump-flow test, J-ring test, V-funnel test and sieve segregation test.
EXPERIMENTAL DETAILS

Materials
The cement employed was a commonly used ordinary Portland cement (OPC) of strength class 42.5. The fine aggregate employed was the standard sand normally used for cement strength test, with the maximum size of 1.18 mm. The coarse aggregate used was crushed granite rock with particle size of 5 to 10 mm. On the other hand, a polypropylene (PP) fibre with a diameter of 30.5 µm, but different lengths of 3 mm, 6 mm 9 mm and 19 mm, was used. Lastly, the superplasticizer (SP) added to each concrete mix was of the polycarboxylate-based type SP with solid mass content of 20%. The specific gravities of OPC, fine aggregate, coarse aggregate, PP fibre and SP are 3.11, 2.66, 2.68 and 1.03, respectively.
Mix proportions
To investigate the effects of PP fibre length on the fresh properties of concrete, a series of concrete mixes were produced, in which the PP fibre length was varied among 3 mm, 6 mm 9 mm and 19 mm, but the PP fibre content was fixed 0.09%. In addition, for each concrete mix, the paste volume (volume of OPC plus volume of water, expressed as a percentage of volume of total concrete) was fixed at 36%, so the aggregate volume (volume of fine and coarse aggregate, expressed as a percentage of volume of total concrete) was fixed at 64%, the water/cement (W/C) ratio by mass was varied from 0.30 to 0.45 in steps of 0.05, the fine to total aggregate (F/TA) ratio was fixed at 0.5, and the SP dosage (liquid mass of SP expressed as a percentage by mass of total cement) was fixed at 1.5%.
Testing methods
In this study, slump-flow test, J-ring test, V-funnel test and sieve segregation test were carried out to investigate the workalbity, passing ability, flowability and cohesiveness of concrete mix, respectively. The slump-flow test was performed in accordance with Chinese standard JGJT 283-2012 [7] . During the test, the flow spread was determined as the average diameter of the patty formed after the concrete mix to slump downwards and spread outwards minus the bottom diameter of slump cone. The J-ring test was also performed in accordance with Chinese standard JGJT 283-2012 [7] . For this test, the gap passing ratio was determined as the ratio of the J-ring flow spread to the flow spread obtained by slump-flow test, expressed as a percentage. The V-funnel test was carried out following the British standard BS EN 12350-9-2010 [8] . During the test, the time taken for the concrete mix to be completely discharged was recorded as the V-funnel time and the flow rate was then calculated as the volume of concrete mix in the funnel divided by the V-funnel time. The sieve segregation test followed that stipulated in the BS EN 12350-11-2010 [8] . In this test, the sieve segregation index (SSI) was determined as the proportion of mortar dripped through the sieve and collected by the base receiver, expressed as a percentage.
TEST RESULTS
Flow spread
The flow spread results of the concrete samples are plotted against the W/C ratio for different PP fibre length in Figures 1. It is noted from the figure that at all PP fibre lengths, the flow spread increased with increasing W/C ratio, proving that W/C ratio has positive effect on workability of concrete. This observed phenomenon is reasonable because increasing the W/C ratio or water content should always improve the workability of the concrete.
More importantly, at the same W/C ratio, the flow spread was lower when the PP fibre length was longer. These results indicated that PP fibre length has negative effect on workability of concrete.
Gap passing ratio
The gap passing ratio results of the concrete samples are plotted against the W/C ratio for different PP fibre length in Figures 2. It should be noted that at lower W/C ratios of 0.30 or 0.35 depending on the PP fibre length, there were no gap passing ratio results. The reason is that at such W/C ratio, the concrete mix cannot pass through the J-ring, leading to no J-ring flow spread result.
From the figure, it can be seen that at all PP fibre lengths, the gap passing ratio increased with increasing W/C ratio, indicating that W/C ratio has positive effect on gap passing ability of concrete. This observed phenomenon is reasonable because increasing the W/C ratio or water content make concrete easier to pass through J-ring to improve the passing ability of the concrete.
More importantly, at the same W/C ratio, the gap passing ratio was lower when the PP fibre length was longer. These results indicated that PP fibre length has negative effect on passing ability of concrete. 
Flow rate
The flow rate results of the concrete samples are plotted against the W/C ratio for different PP fibre length in Figures 3. It can be found that at all PP fibre lengths, the flow rate increased as the W/C ratio increased, indicating that W/C ratio has positive effect on flowability of concrete. This phenomenon is expected, since increasing the W/C ratio or water content should always improve the flowability of the fresh concrete.
More importantly, at the same W/C ratio, the flow rate decreased as the PP fibre length increased. Such phenomenon proved that PP fibre length has negative effect on flowability of fresh concrete.
Sieve segregation index
The SSI results of the concrete samples are plotted against the W/C ratio for different PP fibre length in Figures 4. It can be observed that at all PP fibre lengths, the SSI increased as the W/C ratio increased, indicating that W/C ratio has negative effect on cohesiveness of concrete. This phenomenon is expected, since increasing the W/C ratio or water content should always improve the flowability of the fresh concrete.
More importantly, at the same W/C ratio, the SSI decreased as the PP fibre length increased, indicating that the cohesiveness of concrete increased with the increase of PP fibre length. Such phenomenon proved that PP fibre length has positive effect on cohesiveness of fresh concrete.
DISCUSSION
Form the above test results, it is concluded that increasing the PP fibre length has negative effects on workability, gap passing ability and flowability, but has positive effect on cohesiveness. The reason may be that the PP fibre in the concrete tends to mingle with the cement grains and wrap the aggregate particles together inside nets formed by the PP fibre. The longer the PP fibre, the stronger the nets formed, thus causing the concrete more difficult to flow, leading to lower workability, gap passing ability and flowability. But as the PP fibre length increases, the nets formed by PP fibre would be easier to hold up the solid particles in the concrete to improve the cohesiveness.
Hence, when designing a fibre-reinforce concrete mix, it is necessary to strike a balance between the various fresh properties of the fresh concrete. To compensate for the decrease in workability, gap passing ability and flowability due to the increase of PP fibre length, it may be necessary to increase the paste volume or SP dosage of the mortar mix.
CONCLUSION
A series of concrete samples with varying W/C ratios and PP fibre lengths were made for workability, gap passing ability, flowability and cohesiveness measurements by the slump-flow test, J-ring test, V-funnel test and sieve segregation test. Overall, the test results revealed that the W/C ratio has positive effects on workability, gap passing ability and flowability, but has negative effect on cohesiveness. In contrast, PP fibre has negative effects on workability, gap passing ability and flowability, but has positive effect on cohesiveness. Such effects of PP fibre length on fresh properties of concrete may be caused by the fibre net formed by PP fibre.
Hence, both the W/C ratio and PP fibre length have major effects on the fresh properties of PP fibre concrete. When designing a fibre-reinforce concrete mix, it is necessary to strike a balance between the various fresh properties of the concrete by using appropriate W/C ratio and selecting right PP fibre length.
